To improve the dispersion stability of carbon black (CB) in aqueous media, an anion vinyl monomer, namely potassium 4-vinylbenzoate (K-4VBA) was polymerized and coated on to the CB particles through ultrasonically assisted radical polymerization. FT-IR was used to detect the presence of poly(K-4VBA) on the CB surface. The TGA results indicated that the polyelectrolyte contents of the CB particles could reach 77.5% in weight. The TEM studies revealed that the surface morphologies for the coated polyelectrolyte. Combined aqueous electrophoresis and DLS studies confirmed that these polyelectrolyte modified CB particles had pH-dependent colloid stabilities, as expected. The modified particles were colloidal stable at high or neutral pH, but became aggregated at low pH.
Introduction
Carbon black (CB) is composed of primary particles that are either spherical or spheroidal and manufactured by the incomplete combustion of heavily aromatic feedstock. CB particles form aggregates with dimension ranging from tens to a few hundred nm through collision or fusion in the combustion zone of the reactor. The aggregates may further form agglomerates in dry or in dispersion. The unique aggregate morphology and hydrophobic nature of CB resulted in its poor dispersion in aqueous media when CB was used in waterborne coatings, inks, and toners.
Grafting of polymers onto the surface of CB [1] [2] [3] [4] or encapsulating CB by heterophase polymerization, emulsion polymerization [5, 6] are widely utilized to modify the surface properties of CB in order to improve their dispersibility in aqueous media. However, until now, these methods are often quite complicated. For instance, grafting of polymer onto CB surface required the pretreatment of the CB surface to introduce functional groups. The rigorous pretreatment involved in HNO 3 oxidation is dangerous and unfriendly to environment. Wang [7, 8] reported a method of coacervation for poly(vinyl alcohol)-encapsulated hydrophilic CB. Although the strategy avoided the complicated polymerization process involved in the polymercoating approaches, the process of ball milling to pulverize CB particles was involved and many organic solvents were added. So, it is of great interest to develop a relatively simple polymerization technique for preparation of polymer-coated hydrophilic CB with controlled particles.
In our previous work [9] , the ultrasonic irradiation initiate n-butyl acrylates in situ emulsion polymerization in the presence of CB was studied, in which CB particles were coated by poly(n-butyl acrylate) and the modified CB can be uniformly redispersed in organic solvent or polymer matrix. Without involving any chemical initiators, the polymerization process can be performed at ambient temperature (30-40 o C) due to the radicals generated from the surfactant and monomer decomposition [10] caused by the ultrasonic cavitation. Cavitation cause small voids in the liquid medium which periodically collapse leading to transient regions of high temperature of around 5000 K [11] and pressure of about 500 atm. However, the grafting or encapsulating of water-soluble polymer on CB under ultrasonic irradiation was seldom studied.
In the present work, poly(K-4VBA) coated CB particles were prepared by ultrasonically assisted radical polymerization. By adopting the dispersion, crushing, activation and initiation effect of ultrasonic irradiation, the big agglomerates or aggregates of CB were partly broken down and K-4VBA monomer proceeded to polymerize, which finally formed a polyelectrolyte coated CB with smaller particle size and uniform particle size distribution. The colloid stabilities of the modified CB were also studied.
Results and discussion
Specific amounts of reactants were subjected to ultrasonic irradiation with a power output of 300 W for different time from 20 min to 120 min. After the reaction, a homogeneous CB suspension containing both polyelectrolyte-coated CB and unbound reaction compound was obtained. The mixture was filtered through a 0.22 μm micro-filtration membrane, and the filtrate containing the unbound reaction compound was vacuum dried under room temperature. Generally, ultrasonic cavitation can generate very high local temperature and pressure, a very rigorous environment for chemical reaction. The crystallinity of the unbound reaction compound was examined by powder X-ray diffraction analysis. The X-ray diffraction pattern of the monomeric salt and those of the unbound reaction compound of the polymerization for 20 min, 40 min and 60 min are illustrated in Fig.  1 . The monomeric K salt was crystalline. After 20 min, the reaction compound became amorphous, indicating that the polymerization proceeded in a short time. Under these rigorous conditions radicals can be generated due to decomposition of water, monomer, surfactant, or rupture of polymer chains to initiate further chemical reaction, e.g., polymerization of monomer [12] . In our previous work [9] , poly(n-butyl acrylates) coated CB particles were successfully prepared by ultrasonic irradiation initiating emulsion polymerization without adding any chemical initiator. However in the present study, it was found that the radicals generated from ultrasonic energy solely were not enough to propel the polymerization perfectly and the radicals produced by decomposition of initiator (potassium persulphate) played an important role in driving the polymerization. It was probably due to the fact that the concentrations of monomer and radical in this system were much lower than in the micelles in emulsion polymerization.
Fig. 2.
1 H NMR spectra of 4VBA (a) and Poly (4VBA) (60 min) (b) in DMSO.
The unbound reaction compound was dissolved in water and then acidified with hydrochloric acid to form a precipitate which was separated by filtration. The obtained product was identified as poly(4VBA) by 1 H NMR spectroscopy. The 1 H NMR spectra of 4VBA is shown in Fig.2 a. The peaks correspond to the protons in the vinyl group (5.37 ppm, 5.94 ppm, 6.81 ppm) and the aromatic group (7.53 ppm, 7.92 ppm). Fig. 2 b shows the 1 H NMR spectra of polymerized 4VBA. It should be noted that the peaks arising from the vinyl and aromatic groups of 4VBA monomer almost completely disappear upon polymerization. This disappearance of peaks is due to the reduced mobility of the VBA-ions in the polymer and hence shortened T2-relaxation time [13] . This clearly indicates that almost all of K-4VBA is polymerized.
The molecular weights of poly(4VBA) obtained from unbound polymer were measured by gel-permeation chromatography (GPC). The variations of weightaverage molecular weights (MW) with reaction time are summarized in Table 1 . At the beginning of the reaction time, that is 20 min, the molecular weight was lower than the later reaction time, about 40-60 min. It is easy to explain that the molecular weight becomes higher at the end of the reaction because of the propagation of polymer chains. However the molecular weight decreased at 120 min. A typical GPC trace of the polymer produced by the ultrasonic assisted polymerization for 60 min is depicted in Fig. 3 . The GPC trace showed a wide molecular weight distribution having two separate peaks. This probably due to the ultrasonic assisted polymerization of K-4VBA is a dynamic and complicated process, with both polymerization and degradation taking place simultaneously. To demonstrate the presence of poly(K-4VBA) on the surface of the modified CB, the samples were extracted with boiling water for 72 h to remove the free polymer molecules. The dried powder was analyzed by FT-IR (Fig. 4) . As can be found in FT-IR spectra, the modified CB showed several new bands relative to pristine carbon black as indicated by the arrows. The band at 1700 cm -1 was corresponding to the stretching band of C=O, and the band at 2923 cm -1 and 2854 cm -1 was interpreted to the bending stretching band of C-H. The presence of C=O and C-H was mainly due to the structure of poly(K-4VBA) molecule. Moreover, although there were polycondensed aromatic structures in pristine CB, no corresponding bands were observed. However, a clear band at 1598 cm -1 assigned to aromatic structure was found in the spectrum of the modified CB, which means the existence of foreign aromatic structure derived from poly(K-4VBA). The weight percentage of grafting poly(K-4VBA) onto the surface of CB was calculated through TGA characterization (Fig. 5) . The weight loss below 550 o C for the poly(4-KVBA) sample is 37.5 %, which corresponds to the decomposition of the main chains and benzene rings [14] . The pristine CB shows a weight loss of 2.61 %. The amount of poly(4-KVBA) on the CB calculated by the equation 1 was found to vary with sonication time (Fig. 6) . With the sonication time increasing from 20 to 60 min, the weight percentage of grafted poly(K-4VBA) increased from 37.7% to 77.5%. The decrease on 120 min may be attributed to the poly(K-4VBA) grafted onto CB would degrade further with the increasing of sonication time.
where W o , W m and W n are the residual weight of pristine CB, modified CB and poly(K-4VBA) at 550 °C. The typical morphologies of pristine CB and modified CB are shown in Fig. 7 . It is found that the average diameter of the primary CB particles is about 30 nm, and that these primary particles fuse together into CB chains and clusters. However, the morphology of modified CB differed distinctly from that of pristine CB. The CB particles were coated with polymer grafts. Large agglomerates were not observed. This may be attributed to the polymer introduced on the surface of CB provided steric/static repulsions between carbon black particles.
Fig. 7. TEM images of pristine CB (a) and poly(K-4VBA) coated CB (60 min) (b).
Two types of suspensions were compared to investigate the long-term stability of poly(K-4VBA) coated CB in aqueous media. The suspensions were prepared by dispersing the powder sample in deionized water in a cuvette via ultrasonic dispersion for 3 min. The concentration of particles in the suspension was controlled at 0.2 g/L. The time dependence of the transmittance for the two types of suspensions under visible light is shown in Fig. 8 . Fig. 8 . The long-term stability of pristine CB and poly(K-4VBA) coated CB (60 min) in deionized water at room temperature.
It could be found that after the suspensions are rested for 1 min, sedimentation in the pristine CB suspensions took place, but not in the poly(K-4VBA) coated CB suspension. After 5 days the transmittance of pristine CB suspensions reached almost 94%, suggesting that there were almost no CB particles in the supernatant. However, it was very different in the poly(K-4VBA) coated CB suspension. Except for slight sedimentation in the beginning due to high particle concentration, the poly(K-4VBA) coated CB suspension showed good stability, even after 5 days.
Aqueous electrophoresis studies were undertaken in order to assess the effect of the pH on the colloid stabilities of modified CB particles (Fig. 9) . The CB particles remained negatively charged over the whole pH range studied. The isoelectric point for the poly(K-4VBA) coated CB is around pH 1.9. The zeta potential becomes progressively more negative between pH 2 and pH 8, above pH 8 a plateau is established at a zeta potential of approximately -28 mv. The pH dependence of the particle size of modified CB particles is depicted in Fig. 10 . The onset of flocculation occurs at around pH 3.8. Here aggregation is attributed to the hydrophobic nature of the neutral poly (4-KVBA) chains, since the isoelectric point is at a much lower pH. It is interesting that the mean particle size of the modified CB particles increases from 184 to nearly 220 nm as the solution pH is adjusted from pH 7 to pH 12. This is attributed to extended conformations of the grafted weak polyelectrolyte chains due to lateral repulsions as the anionic charge density is increased.
Furthermore, the colloid stabilities of modified CB particles were assessed at different salt concentrations. Fig. 11 illustrates how the mean particle size of these CB dispersions varies as a function of added electrolyte (NaCl). The mean particle size remains relatively constant up to around 0.10 M NaCl, and the decrease in diameter with increasing salt concentration is at most only around 10 nm. However, in 0.2 M NaCl, the particle size of the anionic polyelectrolyte coated CB particles increased drastically, indicating the onset of flocculation due to "salting out" effect. 
Conclusions
The preparation of poly(K-4VBA) coated CB through ultrasonically assisted radical polymerization provided a new route for the modification of CB. The XRD and 1 H NMR results indicated that this method could generate efficient polymerization modifying in a rapid reaction. Successful polymer-coating was confirmed by FT-IR and thermogravimetric analyses. The polyelectrolyte coated on the surface of CB prevented the aggregation of CB and provided a stable dispersion of CB in aqueous media. The Aqueous electrophoresis and Dynamic Light scattering studies further confirmed that the colloid stabilities of the modified particles are directed by the nature of the coated polyelectrolyte and are highly pH-dependent, as expected.
Experimental part

Materials and preparation
CB used was Vulcan XC-72 provided by Cabot Corp. with a specific area (BET) of 240 m 2 /g and an average particle size of 30 nm. 4-Vinylbenzoic acid was obtained from Hokko chemical Co., Ltd., and used as received. The potassium salt was prepared by neutralizing 4-vinylbenzoic acid with potassium hydroxide in methanol using phenolphthalein as an indicator. After the removal of methanol on a rotary evaporator, the residue was washed with diethyl ether, and dried under vacuum. Potassium persulfate (Shanghai Chemical Regent Co., China) was used as received.
The modified CB was prepared in a 100 ml glass flask with a cooling jacket to maintain a constant temperature of proximately 40 °C. 100 ml 2.5 wt% K-4VBA aqueous solutions, 0.5 g of CB and 0.125 g potassium persulfate were introduced into the reaction vessel. After thoroughly deoxygenating for 30 min by bubbling with N 2 , the mixture was irradiated by an ultrasonic processor (VCX 750, Sonic & Material Co.) with a high-intensity ultrasonic horn (titanium, 22 kHz, power output = 300 W) for certain time under N 2 purge.
Characterizations X-ray diffraction (XRD)
Wide angle X-ray diffraction patterns by the powder method were obtained with specimens on a Rigaku (Japan) D/max 2550 VB/PC diffractometer with CuK radiation (40 kV, 450 mA).
H NMR
1 H NMR spectra were obtained with a Brucker AVANCE 500-M spectrometer using DMSO-d as solvent.
Gel permeation chromatography (GPC)
The average molecular weights of the polymers were determined using Waters 1515 gel permeation chromatography (GPC) analysis with THF as eluent and polystyrene as standard.
Transmission electron microscopy (TEM)
TEM was also used to investigate the morphology and particle size of the CB. It was carried out on a JEM 2100 microscope (JEOL, Japan). The specimen for TEM characterization was prepared by transferring a small amount of the CB water dispersions onto a 200-mesh copper grid covered with a FormvarTM (polyvinyl formal) film and the excess suspension was removed by filter paper and dried by infrared lamp. The specimen was then vacuumed and analyzed.
Fourier transform infrared spectrometry (FT-IR)
The FT-IR spectra of the pristine CB and the modified CB were obtained using a Nicolet 5700 in the diffuse reflection mode at ambient temperature in KBr.
Thermogravimetric analysis (TGA)
The TGA analysis was carried out under a stream of nitrogen at a heating rate of 10 K/min using a SDT Q600 (TA, USA). All the experiments were conducted from room temperature to 800 ˚C using 25-30 mg of the powder sample.
Ultraviolet-visible absorption spectrum (UV-Vis)
The visible light transmittance of pristine CB and modified CB suspensions were recorded on a Lambda 900 UV-Vis spectrometer in the wavelength of 450 nm at room temperature with the time expanding. Deionized water was used as the standard liquid.
Particle size and zeta potential analysis
The particle size of dilute, aqueous solutions of the modified CB particles were determined by dynamic light scattering (DLS) using a A Nicomp 380 ZLS analyzer (Particle Sizing Systems, Santa Barbara, CA) equipped with a He, Ne, Ar ion laser operating at 639 nm. The detection angle was 90 o and the temperature was set at 23 o C. Water used for aqueous dispersion was doubly distilled and deionized. CB was dispersed in water without addition of other substances. 5 min of sonication using an 80 mW sonication bath was applied to each sample; after being diluted to the final concentration appropriate for measurement (20 mg L −1 ), another one min of sonication was applied.
Zeta potential data for the modified CB particles were obtained on the same instrument using 0.001M Na 2 SO 4 as background electrolyte. The dispersion process was the same with the DLS experiment. For each sample five measurements were taken.
